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Fiber pull-out modeling is engaged to bond mechanism of the interface between fiber and 
cementitious matrix. Hereby, the bond interface takes an important role in determining the 
whole composites structure performance. When a slippery fiber of nylon 600 is applied into 
“fiber-reinforced cementitious composite” (FRCC), then the bond interface mechanism should 
be increased to reach a better performance of whole composites. The clumped fiber end 
condition indicates some performance improvements, rather than the straight one. 
Advancement of the previous Susilorini’s model of fiber pull-out with clumped embedded 
fiber end will show that shear-friction stress τ takes major contribution in modeling of nylon 
600 with clumped fiber end. The pull-out process involved stable fracture and unstable 
processed that are being specific interest in this research. The research delivers experimental 
and analytical methods. The experimental method conducts pull-out test with pull-out 
specimens categorized into specimens with straight fiber end and also specimens with clump 
fiber end. The fiber is nylon 600 made in Indonesia, diameter of 1.1 mm, and fiber embedded 
length lf of 100 mm. A computerized closed-loop universal testing machine is going to be 
precise equipment measuring the load and displacement of specimens during the pull-out test. 
The analytical method is modeling the fiber pull-out with clumped fiber end and resulting 
some formulas and theories for the process of fiber pull-out with clumped fiber end. The 
experimental results show that specimens with clumped fiber end reach loads about 1200-1400 
N that are 14-35% higher that specimens with straight fiber end while the maximum 
displacement of those specimens reach around 100 mm. The analytical method successfully 
results the fiber pull-out with clumped fiber end model, and meet a finding of formulas and 
theories. The model of fiber pull-out with clumped fiber end model fit the experimental results. 
It is also found that maximum shear-friction stress τ valued as 2.775 MPa with parabolic curve 
of shear-friction τ and displacement δ relationship. This research meets several theories which 
are new, specific and significant, they are: (a) The clumped embedded fiber end condition 
generates parabolic curve of shear-friction stress τ and displacement relationship; (b) shear-
friction τ is emerged to against the fiber tension load; (c) The higher bond capacity mσ  is, the 
higher shear-friction stress τ will be; (d) The length of stable crack is determined by the 
position of crack arrester; (e) A new equation derived for load Pn for a model for fiber pull-out 
of nylon 600 with clumped embedded fiber end which is involves the shear-friction stress τ; 
and (f) The clumped embedded fiber end improves the pull-out load of nylon 600 fiber pull-out 
specimens. 
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1. INTRODUCTION 
It is known that fiber has been used to be applied in the composites to increase the 
composite’s performance since ancient period. The fiber existence in composites 
surprisingly shows many advantages of crack delaying and resisting [5]. Hence, fiber 
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takes an important role in determining whole “fiber-reinforced cementitious 
composite” (FRCC) performance.  

The application of synthetic fiber into FRCC is believed becomes advantage in 
improving it performance. Nylon fiber is a good example of success effort to reach 
great tensile ductility of FRCC. One to be noted, nylon fibers is unique as mentioned 
by [9]. During stretching condition, nylon fiber constricts many times and perform 
two moving surface waves along the fiber length. This phenomenon is called ‘yield 
point elongation’ that has magnitude of 200%-300% of initial fiber length. Later, 
because of the nylon viscosity, the load may gradually decrease while the fiber length 
becomes longer two or three times. The multiple constrictions of nylon fiber appeared 
by ‘jagged’ phenomenon of stress-strain or load-displacement curves.  

Same similar ‘jagged’ phenomenon happened with mild steel [9], aluminium alloy [9], 
and nylon [10] and [1]. The application of local (Indonesia) made nylon fiber for 
concrete has established by previous researches [11], [12], and [1]. The research of 
[11], [12] used flexural beam and cylinder fiber concrete specimens with straight and 
clumped short fibers and found that flexural and splitting tensile strength of nylon 
fiber concrete is higher than the plain concrete. It was also investigated by [11], [12], 
that wider crack width is found on plain concrete. The research of [1] established pull-
out model using pull-out and fracture specimens with straight fibers that established 
many theories of unstable and stable cracks, the presence of crack arrester, equations 
for bond capacity mσ  and Poisson’s ration of fiber relation, fiber stress σs and matrix 
stress σm relation at the time of failure, stable crack length, load for pull-out and 
fracture pull-out models, determination of bond capacity by using stable crack, 
existing of slip stage and strain-hardening stage, and also the possibility of crack 
arrester presence. 

Significant effort in determining the bond mechanism between fiber and cementitious 
matrix deliver a deep review of fiber pull-out modeling. In FRC, the interface between 
fiber and matrix behaviour and performance will be predicted by pull out tests. While 
the tensile ductility performance is a must, the using of synthetic fibers in FRC 
obviously presents added values, that are strain-hardening property [1], higher tension 
strength, elastic modulus, and various fiber surfaces [6], high performance as alike 
steel performance [7], and even higher compressive stress for fiber concrete that its 
nylon fibers are irradiated by gamma [8].  

Fiber pull-out modeling is engaged to bond mechanism of the interface between fiber 
and cementitious matrix. Hereby, the bond interface takes an important role in 
determining the whole composites structure performance. When a slippery fiber of 
nylon 600 is applied into FRCC, then the bond interface mechanism should be 
increased to reach a better performance of whole composites. The clumped fiber end 
condition indicates some performance improvements, rather than the straight one.  

When a slippery fiber of nylon 600 is applied into “fiber-reinforced cementitious 
composite” (FRCC), then the bond interface mechanism should be increased to reach 
a better performance of whole composites. The clumped fiber end condition indicates 
some performance improvements, rather than the straight one. This paper delivers the 
advancement of the previous Susilorini’s model [3] of fiber pull-out with clumped 
embedded fiber end by applying shear-friction stress τ into fractured based modeling 
of nylon 600 with clumped fiber end. The pull-out process involved stable fracture 
and unstable processed that are being specific interest in this research. 
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2. METHODS OF RESEARCH 
The research delivers experimental and analytical methods. The experimental method 
conducts pull-out test with pull-out specimens described by Figure 1, categorized into 
specimens with straight fiber end and also specimens with clump fiber end. The 
clumped embedded fiber end condition was made by burning the end of fiber until the 
fiber end change into clumped form. The fiber is nylon 600 made in Indonesia, 
diameter of 1.1 mm, and fiber embedded length lf of 100 mm. Mix design for 
cementitious matrix is defined as ratio of cement : sand : water as 1:1:0.6. A 
computerized closed-loop universal testing machine is going to be precise equipment 
measuring the load and displacement of specimens during the pull-out test. The pull-
out test set-up is described by Figure 2. 
 

 

specimen width  = 20 mm 

fixed part length, 
150 mm 

70 mm 

specimen length, 
l1 = 250 mm 

fixed part length, 
150 mm 

fiber outer length, 30 mm 

embedded length, 100 mm 

clumped embedded fiber end 

 
Figure 1. Dimensions of Pull-Out Specimen with Clumped Embedded Fiber End 
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Figure 2. Pull-Out Test Set-Up 

The analytical method is modeling the fiber pull-out with clumped fiber end and 
resulting some formulas and theories for the process of fiber pull-out with clumped 
fiber end. The phenomenon of stable and unstable fracture is being specific interest 
and concern in this research. This new model is the advancement of the previous 
Susilorini’s model [3] of fiber pull-out with clumped embedded fiber end that applies 
shear-friction stress τ into fractured based modeling of nylon 600 with clumped fiber 
end. 
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3. RESULTS, MODELING, AND DISCUSSION 

3.1. Results 
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Figure 3. Load-displacement Relation of Pull-Out Test with Straight and Clumped Fiber 
End 

It is found by experimental result that nylon fiber has had average maximum tension 
stress of 1471.21 MPa, average maximum strain of 0.89, average maximum 
elongation of 84.11%, and average maximum tension load of 1398.13 N.  

Obviously, the ‘jagged’ phenomenon performs on the relation of load-displacement 
(P-δ) and stress-strain (σ−ε) curves. For critical Poisson’s ratio of fiber of 47.0=ν , 
the critical strain of nylon will reach 29.0=ε . The experimental results noted that 
pull-out specimens with straight and clumped fiber end perform several stages of pull-
out process (Figure 3): (a) Pre-slip stage, (b) slip stage, and (c) Strain-hardening stage.  

The pull-out test results with straight fiber end found pre-slip loads are about 400-430 
N and pre-slip displacements of no more than 0.1 mm. The slip loads have been found 
in the same range of pre-slip loads with displacements of 3-30 mm. The strain-
hardening loads are observed as 900-1200 N as regard. For pull-out test results with 
clumped fiber end, the pre-slip loads are ranged about 400-430 N with pre-slip 
displacements of no more than 0.1 mm. The slip loads had the same range of pre-slip 
loads with displacements of 3-30 mm while strain-hardening loads are about 1200-
1400 N and displacement of 20-100 mm. It is also fond that the pre-slip stress are 
ranged about 400-460 MPa with pre-slip strain of no more than 0.001. The slip stress 
had the same range of pre-slip loads with strain of 0.001-0.155, while strain-hardening 
loads are ranged about 1400-1500 MPa and strain of 0.15-0.9. 

3.2.Modeling 

A first pull-out model has been derived by [1] for straight embedded fiber end that is 
improved into clumped embedded fiber end [3]. In this research, the model of [3] is 
refined and improved. In this new model, many aspects are considered: (1) Fracture 
capacity of embedded fiber is a function of Poisson’s ratio of fiber, (2) Some stages 
exist during the pull-out and fracture pull-out process, (4) A ‘jagged’ phenomenon 
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exists on strain-hardening part of load-displacement (P-δ) and stress-strain (σ−ε) 
curves of pull-out, (4) Unstable and stable fracture process phenomenon exist during 
the pull-out process, and (5) Shear-friction τ is emerged to against the fiber tension 
load.  

A B C

l0 δ lf

σm

σ1

ε1

 

A’ 

τ

τ 

 

Figure 4. Pull-Out Model with Clumped Embedded Fiber End at Elastic Stage 

Figure 4 describes the first principal thought of the model. A piece of embedded fiber 
(A’A) with clumped embedded fiber end at A’ which is constrained at A and B but 
free at C. Free end fiber length named l0 and embedded fiber end called lf. A 
displacement δ is applied at C and both cementitious matrix and fiber are still in 
composites condition. The force resistance of clumped fiber end will emerge shear-
friction stress τ that is distributed along the fiber-matrix interface. The value of matrix 
stress σm increases until ( )νσ=σ=σ mmm  which represents bond capacity at the time 
of crack. It is called the ultimate fracture tension capacity. The strain and stress at BC: 

0
1 l

δ
=ε                           (1) 

s11 Eε=σ                          (2) 

 

A
B C 

l2 l0 δ 
lf

mσ
σ
ε

σ

ε

A’ 

τ

τ 

lsf

Figure 5.  Pull-Out Model with Clumped Embedded Fiber End at Unstable Fracture 
Process 

A crack will be created when the displacement δ keeps growing. This crack performs 
unstable fracture process. After a crack created, the stress of the composite then being 
transferred to the fiber. By crack formation, unstable fracture process phenomenon 
will release the constraint at B (Figure 5). The crack length is growing to be as long as 
l2 and constraint at A still can remove to left side. When the crack length l2 is longer 
than embedded length lf, fiber may be pulled-out. The shear-friction stress τ is then 
distributed along A’A. The length of shear-friction stress τ distribution is called lsf. It 
should be noted that the higher bond capacity is, the higher shear-friction stress τ will 
be. 
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An unstable fracture process may grow into stable fracture process which. Assume 
that a crack formed as (Figure 6), then the increasing of displacement δ will also 
increase strain ε1 and stress σ1 at B’B. Those strain ε1 and stress σ1 increasing will 
cause the achieving critical value of matrix stress mσ  and strain ε . Therefore, the 
displacement δ increasing repeated at B’ at the same time a new crack of another 
formed Δx at the left side of fiber. During the crack Δx formation, the shear-friction 
stress τ gives contribution along the embedded fiber to against the displacement of 
fiber free-end. It happened continuously until constraint A is fixed. Hence, the 
constraint A becomes ‘crack arrester’ that will prevent crack growth. In case, the 
crack will be stopped to grow and crack length remains l2. Once stable crack length l2 
achieved, then strain at l0 part transfer to l2 part. The stress and strain become: 

r0l1 2 ε=ε=ε=ε                         (3) 

r0211 σ=σ=σ=σ                                       (4) 

20
r ll

δε
+

=                          (5) 

When ( )νσ=σ mm  is achieved and strain at AC is ε=ε , then δ=δ and strain: 

20 ll +
δ

=ε=ε  where ( )νε=ε                             (6) 

The stable crack is formulated as: 

ε
ε−δ

= 0
2

ll                          (7) 

The shear-friction stress τ can be formulated as: 

fl
f A

EA2ε
=τ             (8) 
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σ
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lsf
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Δx 

 

Figure 6.  Pull-Out Model with Clumped Embedded Fiber End at Stable Fracture 
Process 

The model represents a P-δ (load-displacement) curve (Figure 7) that consists of 3 
(three) stages of pull-out process: (a) Stage of pre-slip, (2) Stage of slip, and (3) Stage 
of strain-hardening. During the stage of pre-slip, cracks have not been created, so that 
the fracture process phenomenon not exists. After critical matrix stress mσ  exceeded, 
a crack is formed, the stage of slip and unstable fracture process has just begun. The 
unstable fracture process keeps going and crack length increases until stable crack 
length l2 reached at the end of stage of slip. The stable crack length l2 will be achieved 
after the unstable fracture process changed to stable fracture process. The stable 
fracture process is going to be continued by the stage of strain-hardening. In this stage, 
the increase of the strain ε will increase the stress σ until the fiber is getting broken. It 
should be noted that clumped embedded fiber end condition emerges shear-friction 
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stress τ that is distributed along the embedded fiber. Obviously, the shear-friction 
stress τ will against the fiber tension load and improve the specimen’s pull-out load. 
. 
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Figure 7.  P-δ (load-displacement) Relation of Theoretical Pull-Out Model  
 
Formulation of the theoretical model is defined by equation (9) as follow:  

f2pr
2

1
III1s

2

1
IIps

2

1
In CAE

a
a

rCAE
a
a

rAE
a
a

rP τ−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= ΔΔΔ                 (9) 

Where: 

For stage of slip: 
⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

=τ
Δ

fl

2
s

2

1
II

f A

AE
a
a

r
      (10) 

For stage of slip: 
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The constants of ,645.4C1 = 1.0C2 =  for stage of slip and 5.1C1 = ,  for stage 
of strain hardening. The range value of E

25.0C2 =

s, Eps, dan Epr = En for pull-out model is:       
500000< Eps <650000, 2000000< Es initial <650000, 500< Es end <1500, 400< Epr 
<2000. The theoretical model above has compared to experimental results. The P-δ 
(load-displacement) curves and σ-ε (fiber stress-strain) curve of experimental result 
and model (Figure 8 and 9) and also the τf-ε (shear-friction stress-strain) curve of 
model (Figure 10). 
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Figure 8. Load-displacement Relation of Experimental Result and Model 
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Figure 9. Stress-strain Relation of Experimental Result and Model 
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Figure 10. Shear-friction stress-strain Relation of Experimental Result and Model 

3.3.Discussion 
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The research has proved that the ‘jagged’ phenomenon performs on the relation of 
load-displacement (P-δ) and stress-strain (σ−ε) curves because of the nylon unique 
characteristics of constriction and viscosity. This phenomenon cannot be found with 
any other fiber materials (except mild steel and aluminium alloy). The stages of pull-
out process (stage of pre-slip, stage of slip, and stage of strain-hardening) performs 
strong character of unstable and stable fracture phenomenon.  

Figure 8 and 9 show that the model fit to the experimental results. The maximum 
strain of both model and experimental results (0.8) are lower than maximum strain of 
nylon fiber tension test (0.89). It is found that the pull-out load of clumped fiber end 
specimens is 14-35% higher than the pull-out load of straight embedded fiber end 
specimens (Figure 3). The reason of lower strain and the pull-out load improvement is 
because of the clumped embedded fiber end condition generates higher shear-friction 
stress τ to against the fiber tension load will improve the specimen’s pull-out load.  

It should be noted that the clumped embedded fiber end condition will emerge higher 
shear-friction stress τ that is distributed along the embedded fiber to against the 
displacement of fiber free-end. The parabolic curve of shear-friction stress τ and 
displacement relation emphasizes that the higher bond capacity mσ  is, the higher 
shear-friction stress τ will be. 

4. CONSLUSIONS 

This research meets several theories, which are new, specific and significant, they are: 
(a) The clumped embedded fiber end condition generates parabolic curve of 

shear-friction stress τ and displacement relationship;  
(b) shear-friction τ is emerged to against the fiber tension load;  
(c) The higher bond capacity mσ  is, the higher shear-friction stress τ will be;  
(d) The length of stable crack is determined by the position of crack arrester;  
(e) A new equation derived for load Pn for a model for fiber pull-out of nylon 

600 with clumped embedded fiber end which is involves the shear-friction 
stress τ;  

(f) The clumped embedded fiber end improves the pull-out load of nylon 600 
fiber pull-out specimens 
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NOTATION 
A fiber section area (mm2) 
Afl  fiber surface area (mm2) 
Am matrix surface area (mm2) 
C1 constant 1 
C2  contant 2 
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D fiber diameter (mm) 
Epr modulus of elasticity at stage of strain-hardening (MPa) 
Eps modulus of elasticity at stage of pre-slip (MPa) 
Es modulus of elasticity at stage of slip (MPa) 
P, Pn tension load (N) 
a1 total displacement of a stage (mm) 
a2 initial length of specimen or fiber that is specific for every stage (mm) 
b specimen width (mm) 
rΔI ratio of total free-end fiber displacement of free-end at stage of pre-slip 
rΔII ratio of total free-end fiber displacement of free-end at stage of slip  
rΔIII ratio of total free-end fiber displacement of free-end at stage of strain-
hardening  
l0 initial outer fiber length (mm) 
l2 stable crack length (mm) 
lf embedded fiber length (mm) 
lsf length of shear-friction (mm) 
xi relaxation length for n at stage of strain-hardening (mm) 
Δi free-end displacement for n at stage of strain-hardening (mm) 
σ1   fiber stress at the midldle of right side of matrix (MPa) 

2lσ  fiber stress  at l2 part when stable crack length achieved (MPa) 
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